The predictive soft-wall AdS/QCD model with a modified 5D metric at the infrared region is constructed to obtain a non-trivial dilaton solution for three flavor quarks u, d and s. Such a model is shown to incorporate both the chiral symmetry breaking and linear confinement. After considering some high-order terms including the U (1) L × U (1) R chiral symmetry breaking term, we find that the resulting predictions for the SU(3) octet and singlet resonance states of pseudoscalar, scalar, vector and axial-vector mesons agree well with the experimentally confirmed resonance states. Contributions from the instanton effects given by the determinant term are also discussed.
I. INTRODUCTION
Strong interactions of quarks are described in the standard model (SM) by an SU(3) gauge theory known as quantum chromodynamics (QCD) [1] . As the gauge group is nonAbelian, the gluons have direct self-interactions that lead to the well-known asymptotic freedom [2, 3] due to a negative beta function β(µ), which causes the coupling constant α s (µ) decreasing at short distances or Ultraviolet(UV) region, so that perturbative QCD at the UV region works well. At low energies or Infrared(IR) region, perturbative methods are no longer applicable as the coupling constant α s (µ) grows in the IR region. We are currently unable to solve from first principle the low energy dynamics of QCD, one can then construct effective quantum field theories to describe the low energy features of QCD, such as dynamically generated spontaneous symmetry breaking [4] . It has been shown in ref. [5] that such a dynamically generated spontaneous chiral symmetry breaking can lead to the consistent mass spectra for both the lowest lying nonet pseudoscalar mesons and nonet scalar mesons. Though the resulting mass spectra for the ground states were found to agree well with the experimental data, it is not manifest in a chiral effective field theory how to characterize the excited meson states.
The Anti-de Sitter/Conformal Field Theory (AdS/CFT) duality conjectured by Maldacena [7] and further developed in [8, 9] has shed new light on solving the problem of strongly coupled gauge theories. Subsequently, this correspondence is aggressively expanded to include QCD. There are two types of AdS/QCD models, one is called hard-wall AdS/QCD [10] [11] [12] [13] [14] [15] [16] , the other is known as a soft-wall AdS/QCD [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . There is also another interesting way to calculate the mass spectra for light mesons and baryons by using the approach of Light-Front holography [27] [28] [29] [30] [31] [32] .
The soft wall AdS/QCD model has been applied to characterize the basic trend of excited states by introducing the dilaton as a special background field. The 5D action of soft wall AdS/QCD model can be written as follows
with Φ(z) ∼ z 2 playing the role of a soft cut-off. Where g = | det g M N |, X(x, z) ≡ [ X(z) + S(x, z)]e 2iπ(x,z) , vector and axial-vector meson fields. Here, the term λ|X| 4 was introduced to improve the masses of scalar mesons which we have discussed in our previous paper [20] . X(z) is the solution of the minimal condition in 5D space, it has the following form for the case of three flavors
For simplicity, SU(2) symmetry remains to be considered as a good symmetry. The parameter g 5 is found to be g
2 /N c [10] with N c being the color number, and m 2 X = −3 is fixed by AdS/CFT correspondence.
In our previous paper [20] , we have constructed a predictive soft-wall AdS/QCD model by simply modifying the background metric at the infrared region, which can result in a non-trivial dilaton solution. Such a model has been shown to incorporate both the chiral symmetry breaking and linear confinement, and lead to a consistent prediction for all of the resonance scalar, pseudoscalar, vector and axial vector mesons with agreement better than 10% in comparison with the experiment data. Here we shall extend such a predictive AdS/CD model to include three flavor quarks.
The problem and challenge of including three flavor quarks mainly come from the SU(3) flavor symmetry breaking due to the difference between strange quark and up/down quark masses, which leads to the different values v u (z) and v s (z) in AdS/QCD models. In general, by considering the effects of SU(3) flavor symmetry breaking, we shall be able to make a prediction for the mass spectra of all SU(3) octet and singlet resonance mesons. The paper is organized as follows: In section II, we shall first apply the same dilaton solution obtained in [20] with appropriate parameters concerning the strange quark to present an intuitive prediction for the SU(3) octet and singlet meson mass spectra. In section III, we will consider several physically meaningful higher-order interaction terms to improve the predictions for the mass spectra of mesons, which includes the U(1) L × U(1) R symmetry breaking term. By appropriately solving the minimal conditions including the SU(3) symmetry breaking effects, we arrive at a more reasonable prediction for the mass spectra of all SU(3) octet and singlet ground-state and resonance mesons. The possible contributions from the determinant term due to the instanton effects are discussed in section IV. In section V, we discuss possible effects from the mixing term between isosinglet and singlet mesons. Our conclusions and remarks are presented in the last section.
II. PREDICTIVE ADS/QCD MODEL WITH THREE FLAVOR QUARKS
Here we take the same metric as the one introduced in [20] 
where η µν = diag (1, −1, −1, −1), and µ g is a constant mass scale.
As we have shown in [20] that the background dilaton Φ has an asymptotic behavior
where the parameter µ d sets the meson mass scale, which actually relates to the mass scale µ g when the X(z) is known.
Considering the independent variations corresponding to v u and v s , we arrive at the following two minimal conditions:
In the chiral limit or with exact SU(3) symmetry, one has v s (z)=v u (z), then the above two equations are reduced to one, so that the dilaton solution obtained from v u (z) in [20] can directly be applied. As shown in [20] , the form of v u in model IIb can lead to the better mass spectra for resonance mesons in comparison with experimental data. Thus, we shall take the similar form for v u (z) and v s (z) but with SU(3) symmetry breaking effects:
where m u and σ u are interpreted via AdS/CFT duality as the up quark or down quark mass and quark condensate, respectively. Similarly m s and σ s correspond to the strange quark mass and its condensate. The normalization ζ is fixed by QCD with ζ = √ 3/(2π) [15] . With the above given forms for v u (z) and v s (z), we have the relation for the two mass scales µ Table I , where the parameters concerning two flavor quarks are taken to be the same as the ones given in [20] . All the quoted experimental data for comparison are taken from the particle data group(PDG) [33] . 
with a, b = 1, 2, · · · , 9. Where M 2 V and M
2
A are the 9 × 9 matrices defined as follows n , and π 8 n correspond to isovector, isodoublet, and isosinglet pseudoscalar mesons in the SU(3) octet states, and π 9 n corresponds to the SU(3) singlet meson state. For simplicity, we may first ignore the mixing term between the isosinglet and singlet meson states, which is corresponding to
πn can be replaced, in a good approximation, by the diagonal mass matrix m 2 π a n . The above equation Eqs. (6) and Eq. (7) can be solved by the shooting method with the following boundary conditions:
With a positive dilaton solution and the forms of v u (z), v s (z), a(z) given above, the result is not sensitive to the details on the asymptotic behavior of π(z) or φ(z) around origin. While the relation between ∂ z π and ∂ z φ around origin becomes important, which can be obtained from Eq. (6) and Eq. (7) to be
For a positive dilaton solution, the integration on the right-hand side of the above equation is finite, which gives a definitive relation for ∂ z π and ∂ z φ around origin. The numerical results are given in Table II From Table (II) , it is seen that the resulting meson mass spectra agree well with the data except for the singlet pseudoscalar η ′ which will be discussed in detail below.
Before proceeding, we would like to address that in our previous paper [20] we have adopted two different ways to carry out the calculations for the mass spectra of pseudoscalar mesons. One is the way used above with solving two coupled equations by the shooting method. Another way is to first eliminate the longitudinal component field φ from the two coupled equations and obtain a single equation for the π field. In the case with two flavor and SU(2) symmetry, the single equation can be written as follows
with the definitionsπ(q, z) ≡ ∂ z π(q, z) and
which can be solved by the shooting method with the boundary conditions:π(z → 0) = 0 and ∂ zπ (z → ∞) = 0. To be more explicit, we present the numerical results obtained by two ways in the 
B. Scalar Mesons
The equation of motion for the scalars is the same as the one discussed in [20] . Separating the quadratic term of the scalar field S(x, z) = S a (x, z)t a from the action in Eq.
(1), and assuming the decomposition S a (x, z) = n S a n (x)S a n (z) with defining S n (z) ≡ e ωs/2 s n (z) = e (Φ−3 log a(z))/2 s n (z), we arrive at the following equation of motion(EOM):
with
where the fields S
n and S 8 n are the isovector, isodoublet, isosinglet scalar mesons in the SU(3) octet states, and S 9 n is the SU(3) singlet meson state. Again for simplicity, we shall first ignore the mixing effect between isosinglet and singlet mesons, which will be discussed in section V.
Adopting the shooting method to solve Eq. (14) with the boundary conditions s n (z → 0) = 0 and ∂ z s n (z → ∞) = 0, we obtain the mass spectra for the scalar mesons given in Table IV . From the Table IV , it is easily seen that the resulting excited resonance meson states agree well with the data, while the masses for the SU(3) octet ground states are much smaller than the experimental data, especially, the SU(3) flavor symmetry breaking effects are not big enough to explain all of the data.
C. Vector Mesons
The equation of motion for the vector meson field is: With the definition V n ≡ e ω/2 v n = e (Φ(z)−log a(z))/2 v n , the above equation of motion can be rewritten as
which can be solved by the shooting method. Using the boundary conditions v n (z → 0) = 0 and ∂ z v n (z → ∞) = 0, we obtain the vector meson mass spectra which are presented in Table V . It is seen from Table V that the resulting predictions for the ρ, K * , ω vector mesons and their excited states agree well with the data. While the prediction for the isosinglet vector meson mass remains smaller than the data. In fact, the isovector, isosinglet and singlet vector mesons have the same EOM as given in Eq. (16).
D. Axial Vector Mesons
From the action Eq. (1) with the gauge condition A 5 = 0, one can derive the equation of motion for the perpendicular component of axial-vector field as follows
With the redefinition A a n ≡ e ω/2 a a n = e (Φ(z)−log a(z))/2 a a n , the above equation of motion can be reexpressed as
where the matrix M singlet axial-vector meson state. As a good approximation, we first ignore the mixing term between the isosinglet and singlet states, which will be discussed in section IV.
With the boundary conditions a n (z → 0) = 0 and ∂ z a n (z → ∞) = 0, the resulting mass spectra by using the shooting method is given in Table VI . It is seen from Table VI that the resulting excited resonance states for the a 1 mesons agree well with the data, while the ground state mass remains much below to the data. The predicted mass spectra for K 1 and f 1 mesons are very similar to the ones for a 1 mesons, their departure to the experimental data is more than 10%. We shall improve the above prediction in next section.
III. HIGH ORDER TERM CORRECTIONS TO MASS SPECTRA
It has been shown in Table II that the mass of singlet pseudoscalar meson η ′ is much below to the experimental data. To understand such a big discrepancy, we shall consider an additional U(1) L × U(1) R symmetry breaking term at high order with the explicit form (T r ln X − T r ln X † ) 2 T r(XX † ) which is motivated from the large N chiral dynamics [34] .
Also the masses for the ground-state axial-vector mesons given in Table VI are much smaller than the data. To improve the prediction, we shall add a high order term
) into the action. Note that similar terms With the above considerations, the modified effective action with relevant high order terms is found to be:
It is noticed that the additional two terms don't change the minimal conditions, so that we can take the same dilaton solution as the one obtained in previous section. Table I . Note that these two terms will not change the mass spectra for scalar and vector mesons. Our improved predictions for the pseudoscalar and axial-vector mesons are discussed in detail below.
The interaction term i(D
M X † D N X − D N X † D M X)A N M
A. Pseudoscalar Mesons
The equation of motion for the SU(3) octet pseudoscalar mesons is the same as the one given in previous section. For the singlet of pseudoscalar meson η ′ , the equation of motion is modified to be
where the mixing term is ignored in a good approximation, which will be discussed in next section. Taking the same boundary conditions given in the previous section, we obtain the improved prediction for the η ′ meson mass. For completeness, we present the results in Table   VII : 
B. Axial Vector Mesons
As the term i( A , which has the following form
which only enters into the equation of motion for the axial-vector mesons, the coefficient c a is determined to be c a = 10 from the ground state mass of the axial-vector mesons. Taking other parameters given in Table I and ignoring the mixing term F 89 (z), the resulting mass spectra by using the shooting method is given in Table VIII . It is seen from the Table VIII that the improvement to the prediction for the ground states is manifest.
IV. INSTANTON EFFECT WITH DETERMINANT TERM
It can be seen from Table IV that the prediction for the ground state masses of scalar mesons is not satisfactory, especially the mass difference between σ and a 0 is opposite to the data. To improve such a situation, we may discuss the possible instanton effects by adding the determinant term of X to the action:
we will show that for a positive c 0 , it can really split the mass differences among σ, a 0 and f 0 (980) toward the right direction. The minimal conditions for the field X are modified to be
where v u and v s enter into both equations. To effectively find out a solution for the dilaton Φ(z), considering the combination V u +2αV s with α an arbitrary parameter, then the solution is figured out by requiring the equation V u + 2αV s = 0 to be insensitive to the choices for the values of the parameter α. The dilaton solution is given by
It can be shown that for a small z ≪ 1, one has ∂ z Φ(z) ∝ c 0 m u α + 6µ 2 g z. As the light quark mass m u is very small and c 0 is of order 1, thus for a large range of α, the α dependence of the dilaton solution is greatly suppressed by the mass factor m u . For simplicity, choosing α = 1, the dilaton is determined when all relevant parameters are fixed.
The parameters m u , m s , σ u and σ s involved in v u (z) and v s (z) are determined with the input experimental data m π = 139.6 MeV ,m K = 493.7 MeV, f π = 92.4 MeV, f K = 113 MeV. The parameters f u and f s are fixed by minimizing the breaking of GOMR relations f power-counting of Φ(z) required for obtaining correct resonance meson states, σ s has to be very close to σ u in the present case, which results in a sizable breaking of GOMR relation for the kaon meson (up to about 30%). The set of parameters used in the present case is given in Table IX . The other parameters are taken to be the same as the ones given in previous section.
The dilaton solution of Φ(z) with different values of α is plotted in Fig.1 , which shows that in the physically meaningful region of z, Φ(z) is not sensitive to the parameter α in a large range of α. From the above action Eq. (28), it is easy to see that the equation of motion for the SU(3) octet pseudoscalar mesons is just the same as the previous ones. While for the singlet state, its equation of motion is modified to be
Using the same boundary conditions as the ones given in previous section, but with different input parameters given in Table. IX, we obtain the interesting results given in Table X . The equation of motion for the scalar mesons are changed to be :
with the additional matrix given bỹ
When ignore the mixing term between isosinglet and singlet states, which will be discussed in next section, we obtain the improved mass spectra given in Table XI . Though the predicted masses for the ground states are improved, while it remains unsatisfactory to explain all of the experimental data. evaluate the possible effects caused by the mixing terms which have been ignored in previous sections. For a demonstration, let us begin with a simplified action:
with x i denoting the 4-dimensional coordinators x 0 , x 1 , x 2 , x 3 . After integrating over z, we then obtain an action at 4-dimensional spacetime:
and other function like ψ 4 (x i ) can be exported similarity. The terms m 
When it is a constant matrix, it can be diagonalized to obtain two independent mass eigenstates without mixing. In the limit f φψ (z) → 0, we can solve φ and ψ independently with the solutions φ 0 (z,
Applying the similar operation for Eq. (36) and Eq. (37), we arrive at:
Thus in the case that f φψ (z) is small enough, one can replace, as a good approximation, φ(z, x i ) and ψ(z, x i ) in Eq. (36) by φ 0 (z, x i ) and ψ 0 (z, x i ), and the mass matrix For the isosinglet and singlet scalar mesons, the effects of mixing part is given by
With S 8 (z) and S 9 (z) being the meson bulk wave functions for the ground states. Where S 8 (z) and S 9 (z) satisfy the normalization conditions:
and M 89 is given by
For the isosinglet and singlet axial-vector mesons, the effects of mixing part have the same form as Eq. (40), but with a replacement
and the normalized axial-vector meson bulk wave functions A m (z) which satisfy the normalization conditions
Here z m is chosen to be large enough to make the integration convergence. With above analysis, we can now make a calculation for the mixing effects. The numerical results are given in Table XIII without instanton effects of determinant term and Table XIV with instanton effects of determinant term. The mixing effects are found to be small in the present model. 
VI. CONCLUSIONS
We have investigated the infrared improved soft-wall AdS/QCD model with three flavors, and shown that the chiral SU L (3)×SU R (3) and U L (1)×U R (1) symmetry breaking and linear confinement can well be understood within such a simple model. The resulting resonance meson states agree well with the experimentally confirmed resonances. Except the quartic interaction term discussed in [20] , two additional quartic terms have been introduced to improve the mass spectra of SU(3) octet and singlet states, especially the ground state mesons. The special quartic term (T r ln X − T r ln X † ) 2 T r(XX † ) which breaks chiral U(1) symmetry has been shown to interact with the singlet pseudoscalar when adding to the action, it then results in a better agreement for the prediction of η ′ meson mass. We have also found that the quartic term iA µν (D µ X + D ν X −D ν X + D µ X) can improve the prediction for the ground state mass spectra of axial-vector mesons, and bring a better agreement with the experimental data. The instanton effects given by the determination term have also been discussed, though it can improve the prediction for the ground state mass spectra of scalar mesons, while its coupling coefficient cannot be too large, otherwise it may cause the instability of the dilaton solution and also the breaking of the GOMR relation for kaon meson. It is similar to the quartic term of meson field X, which may change the sign of the dilaton solution in the infrared region and destroy the special slope of dilaton needed to generate the linear confinement, so its coupling coefficient has to be set in an appropriate range.
We would like to point out that the simple predictive AdS/QCD model discussed in the present paper provides us an intuitive and also quantitative understanding on both the SU(3) chiral symmetry breaking and linear confinement, while it needs to be further improved and developed for a better understanding on the SU(3) flavor symmetry breaking in order to bring a more consistent prediction on the mass spectra of all SU(3) octet and singlet meson states. It would be interesting to further investigate possible contributions from other higher order terms. Again in the present considerations, the dilaton and gravity are treated as background fields, it would be important to study the dynamical features of dilaton field and consistently consider the 5D gravity effects from the back-reacted geometry.
